ABSTRACT
INTRODUCTION
PCR uses thermal cycling to amplify specific DNA sequences. A range of temperatures is required to allow for DNA denaturation, primer annealing and enzymatic extension. These physical/enzymatic processes happen on a time scale of seconds (6, 13, 19, 22, 23) . However, conventional thermal cyclers may require hours for the completion of 30 cycles because of the thermal mass of metal heat blocks, the low thermal conductivity of the sample container and the low surface area-to-volume ratio of the sample (20, 21) .
Rapid-cycle PCR reduces the time spent at any given temperature. Denaturation and annealing times are usually set to 0 s, producing a temperature spike that increases reaction specificity and yield (19) . Typically 30 amplification cycles can be performed in 10-20 min. Rapid cycling of samples in glass capillary tubes with air was first reported in 1990 (18) . Heat transfer occurs between the air and sample via the capillary wall. Other variations have been recently introduced using IR radiation as a heat source (9) . Resistive heating of the outside wall of the capillary tube coated with a conductive film has also been used (4) . By varying the current flow across the film, different heating rates were obtained and rapid-cycle PCR was achieved. However, heating is still impeded by the glass capillary. A method to heat the sample without transfer through the container would be more efficient and might allow even faster temperature cycling and more precise temperature control.
The possibility of direct heating for PCR temperature cycling by passing an alternating current through the solution has been proposed (7, 20) but not previously demonstrated. The electrolytes present during PCR carry the charge, and the viscosity of the liquid resists the current. The PCR solution becomes a "wire" that is heated inside the glass capillary. Furthermore, because a liquid's viscosity decreases with temperature (16) , the resistance of the sample is directly correlated to its temperature. This allows direct monitoring of the sample temperature, without any external thermocouples or devices. Heating and temperature measurement can both be achieved with one electronic circuit.
MATERIALS AND METHODS

Apparatus
The apparatus used for electrolytic thermal cycling is depicted in Figure  1A . The heat source is a custom power supply (Industrial Test Equipment, Port Washington, NY, USA) that provides a 60-Hz alternating current at 0-1000 V rms . The reference resistor has a fixed resistance of 1 k W and is rated at 2 W. The buffer reservoirs are made of acrylic tubes. The electrical leads from the power supply are connected to platinum wire electrodes in the reservoirs. The reservoirs are filled with 250 mL buffer (50 mM Tris-HCl, pH 8.4 (25ºC), and 3 mM MgCl 2 ). Amplification of the DNA is contained within a glass capillary tube (50 ´0.56 mm ID) with flared ends. The capillary tube is held between the two buffer reservoirs. The interface between the capillary tube and the reservoirs is shown in the exploded section view of Figure 1A . A porous polyvinylidine fluoride (PVDF) frit (Porex Technologies, Fairburn, GA, USA) is used as a bridge for electrical conductance and is held in place with a rubber sleeve. Dialysis tubing with a 100-Da cut-off (Spectrum Laboratories, Laguna Hills, CA, USA) is placed between the sample and the frits to prevent loss of the sample reagents out of the capillary tube by diffusion while allowing ion transfer with the buffer reservoirs. The capillary tube is cooled by blowing ambient air across it from an air compressor. Heating and cooling of the sample is controlled using a 12-bit input/output data acquisition board and software written in LabViewÔ (National Instruments, Austin, TX, USA).
PCR Amplification
Human genomic DNA was extracted from EDTA-anticoagulated blood by phenol/chloroform followed by ethanol precipitation (17) . PCR was performed using the electrolytic thermal cycler and a RapidCycler Ò (Idaho Technologies, Salt Lake City, UT, USA) in 15 mL with 50 mM Tris-HCl, pH 8.4 (25ºC), 3 mM MgCl 2 , 500 mg/mL bovine serum albumin, 0.5 mM each primer, 0.2 mM each dNTP, 0.75 U Taq DNA polymerase (Roche Molecular Biochemials, Mannheim, Germany), 165 ng Taqstart Ô antibody (Clontech Laboratories, Palo Alto, CA, USA) and 75 ng DNA. Two primer sets were used to amplify 110-bp (11) and 214-bp (5) regions of the b-globin gene. The final sample solution was degassed in a vacuum for 10 min to minimize bubble formation during heating.
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Product amplification consisted of 35 cycles with three temperature segments. The 110-bp target was denatured at 94ºC for 0 s, annealed at 55ºC for 0 s and polymerized at 72ºC for 1 s. The 214-bp target was denatured at 94ºC for 0 s, annealed at 55ºC for 0 s and polymerized at 72ºC for 7 s.
Temperature Calibration
Measuring sample resistance. The sample's resistance is a function of its temperature; therefore, a simple voltage divider circuit was used to determine the resistance and temperature of the sample. The circuit was made by placing a reference resistor in series with the sample and a power supply, as shown in Figure 1 . Using Ohm's law and Kirchhoff's voltage and current laws (8) , the load resistance is The resistive load can be divided into three resistive components-the sample solution in the capillary tube, the buffer in inside the frits and the reservoir buffer. The temperature of the buffer in the reservoir did not change significantly during cycling, so its resistive contribution remained constant.
Temperature-resistance calibration. The calibration procedure establishes a standard curve correlating the load resistance to sample temperature and corrects for the resistive load of the frits. A water bath ( Figure 1B temperature-controlled circulator (Haake, Karlsruhe, Germany). A type T thermocouple and digital thermometer (Physitemp Instruments, Clifton, NJ, USA) were used to measure the water temperature. A low voltage (90 V AC ) was applied so that the load resistance could be measured without significantly heating the solution in the capillary. The water temperature and the load resistance were monitored continuously while the water was slowly heated to 95ºC at 0.07°C/s. The resistance was plotted against temperature, and a third-order polynomial was fit to this curve by least squares, defining a calibration curve. During cycling, heating of the sample in the capillary tube and the buffer inside the frits occurs at independent rates. By measuring the thermal time constant for frit heating, the resistive load of the frits was determined. This was accomplished by holding the sample temperature constant with the water bath while varying the applied voltage and measuring the time response of the resistance change. For example, the system was first equilibrated at 70ºC with an applied voltage of 1000 V AC . The voltage was then decreased to 90 V AC , and the resistance was measured over time as the frits cooled. This process was repeated at different temperatures and at voltages of 200-1000 V AC in 100 V AC steps to determine the frit time constant. The data sets were used to derive equations for the changing frit resistance as a function of time for heating and cooling.
Where d is the total change in resistance defined as the difference between the maximum and the minimum resistance, t is the time in seconds where t = 0 when cooling or heating begins, and t is the time constant in seconds. The initial equation was rearranged to express the following:
where R sample is the combined resistance of the sample and the constant reservoir buffer resistance, and DR frits is the restive load of the frits.
To correct for sample variation, including differences in tube length and reagent concentrations, the calibration curve was adjusted proportionately on each new sample by first measuring the load resistance at ambient temperature.
Thermal cycling. Cycling was accomplished using the setup depicted in Figure 1A . The temperature control software includes parameters for the target temperature of each step, the extension hold times, the total number of cycles to be completed and the coefficients of the standard curve equation. The software thermally cycles the sample by using the sample resistance as feedback to control the applied voltage. In general, the sample was heated by applying 1000 V AC from the power supply. During cooling, the voltage was reduced to 90 V AC , and compressed air was blown across the capillary tube to enhance cooling by convection. To hold at a temperature, the applied voltage was adjusted using a proportional control algorithm to maintain the sample temperature as desired.
Product verification.When PCR cycling was completed, the amplified samples were removed from the capillary tubes, loaded onto a 1.5% agarose gel and electrophoresed at 5 V/cm. PCR product was visualized with 0.5 mg/mL ethidium bromide and UV transillumination. a nonlinear fashion. The calibration curve used for amplification of the 214-bp product is shown in Figure 2A . In Figure 2B , the inverse relationship between temperature and resistance is shown during the thermal cycling. As the temperature increases, the viscosity of the electrolytic solution decreases, which leads to higher ion mobility and a lower resistance (12) . The denaturation segment of the cycle shows a lower resistance than the annealing segment. During extension, a uniform temperature hold is achieved for 7 s with less than 1ºC variation. Amplification of 35 cycles was completed in less then 12 min. Gas generation from electrolysis at the platinum electrodes was not observed.
RESULTS
As the temperature of the PCR solution increases, its resistance decreases in
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Amplified PCR products from electrolytic thermal cycling and conventional rapid-cycle PCR (22) are shown in Figure 3 . Two different primer sets were amplified using electrolytic heating and temperature control. The amplification of the both 110-bp and 214-bp products shows comparable band intensities and size of products to those amplified by conventional rapid thermal cycling. No products were observed for the no-template controls (not shown).
DISCUSSION
We present an alternative approach for controlling and monitoring temperature during PCR amplification. Electrolyte conductance allows direct heating of the sample and direct monitoring of the sample temperature. The small cross section of the capillary tube allows the sample to be heated in a uniform manner as a wire in an electrical circuit. In contrast, the thermal homogeneity of externally heated samples is not as even because of delayed heat transfer across the sample container. Direct monitoring of sample temperature by resistance eliminates the need for thermocouples and their additional thermal mass.
Measuring temperature by resistance assumes that the electrolytic solution obeys Ohm's law. If polarization layers are established within the electrolytic solution, the correlation between voltage and current may not be linear (3). However, by using an alternating current, the formation of polarization layers is largely eliminated. Alternating current also prevents bulk electrophoresis of the sample constituents. Judged by specific products on the agarose gel, not only did the high voltage alternating current not interfere with DNA polymerization, but also the amplification did not interfere with resistance monitoring.
In the current prototype, sample handling is difficult because an openended capillary tube is used. Usually 30-40 mL sample were prepared for filling the capillary tube. Bubbles can be introduced into the capillary tube during filling or induced when temperatures approach boiling temperatures. Bubbles cause local high-resistance zones, which in turn leads to localized boiling and breaking of the electrical circuit. The temperature calibration
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procedure is rather involved and requires adjustments for each sample. However, in future designs, multiple channels could be etched in silicon or glass and used as reaction cells. The channels could be terminated in reservoir wells where electrodes are placed. The sample solution and/or DNA template could be transferred into and out of the channels by pressure-driven fluid flow (2, 7, 15) , electrokinetic (1, 14) or electro-endosmotic flow (10) . Whatever the format, direct sample heating and temperature measurement by electrolyte conductance is a simple and elegant means to achieve temperature cycling for PCR.
INTRODUCTION
Quantitative analysis of mRNA species in different experimental conditions is crucial to the study of gene expression. The total amount of any mRNA is principally determined by the rate of new gene transcription and the stability of the mRNA. Therefore, besides analyzing total RNA levels of a specific gene, it is often useful to assess the rate of its nuclear transcription through the nuclear run-on assay (5, 12) . In the classical run-on technique, isolated nuclei are incubated with [ a-32 P]UTP to label both nascent transcripts and elongated RNA molecules. Newly synthesized RNA is then used to detect specific transcripts by filter hybridization. This procedure guarantees sensitivity and accuracy. Nonetheless, it is often time consuming and requires the hazardous handling of a considerably high specific activity of a-32 P.
A modified nonradioactive technique using digoxigenin-labeled UTP and chemiluminescent detection was described (7) . In this case, the impossibility of monitoring the filter washing conditions and the narrow range of exposure times dramatically reduce the protocol flexibility.
As an alternative to filter hybridization, a novel method was reported (9) in which the run-on reaction was performed either with or without nucleotides, and the overall transcript amount was detected by RT-PCR; the difference between PCR yields from samples incubated with and without nucleotides was taken as a measure of transcription rates. Considering the huge excess of RNA in nuclei before the reaction and the high variability among different nuclei aliquots, this approach might lead to inaccurate quantification.
Hence, we sought to develop a straightforward and safe approach to the assessment of cellular gene expression and transcription rates, which is presented in this report. For the synthesis of nuclear RNA, biotin-16-UTP was supplied to nuclei, and labeled RNA was captured by streptavidin-coated magnetic beads. RNA-binding beads were then used for random hexamer primed reverse transcription. A semiquantitative fluorescent PCR approach was applied to monitor transcript abundance in cDNA derived from both nuclear run-on and total RNA.
To set up proper conditions for the proposed techniques, we performed retinoic acid (RA) and cycloheximide treatments in neuroblastoma SK-N-BE cells and characterized the activation of the RETproto-oncogene (2,3) expression and transcription upon such treatments.
MATERIALS AND METHODS
Cell Lines and Growth Conditions
Human neuroblastoma IMR-32 and SK-N-BE cells, a gift of Prof. Della Valle (University of Bologna, Italy), were grown in RPMI medium (Hyclone Laboratories, Logan, UT, USA), supplemented with 10% fetal calf serum (FCS) (Life Technologies Italia Srl, Milano, Italy), 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin. Where indicated, a 4-h treatment with 1 mM RA and 20 mg/mL cycloheximide was performed (1, 8) . All-trans -RA (Sigma-Aldrich Srl, Milano, Italy) was dissolved in ethanol and added to the Short Technical Reports
